To compare the trajectory of motor decline, as measured by gait speed and finger-tapping speed, between elderly people who developed mild cognitive impairment (MCI) and those who remained cognitively intact. We also sought to determine the approximate time at which the decline in motor function accelerated in persons who developed MCI.
Results:
The rates of change, with aging, in gait speed (PϽ.001) and finger-tapping speed in the dominant hand (P=.003) and nondominant hand (PϽ.001) were significantly different between participants who developed MCI (converters) and those who did not (nonconverters). Using a change point analysis for MCI converters, the decrease in gait speed accelerated by 0.023 m/s/y (PϽ.001), occurring 12.1 years before the onset of MCI. An acceleration in gait speed decline occurred earlier in men than women. For tapping speed, the change point occurred after the onset of MCI for both dominant and nondominant hands when men and women were combined.
Conclusions: Motor decline as indexed by gait speed accelerates up to 12 years before MCI. Longitudinal changes in motor function may be useful in the early detection of dementia during preclinical stages, when the utility of disease-modifying therapies would be greatest.
Arch Neurol. 2010;67 (8) : [980] [981] [982] [983] [984] [985] [986] M ILD COGNITIVE IMPAIRment (MCI) represents an early clinical stage of cognitive impairment, considered distinct from normal aging, with the potential for further progression to Alzheimer disease or other dementias. 1 Predicting the earliest stages of cognitive impairment has important implications for initiating treatment and monitoring the progression of disease. Slowing of motor function is commonly observed in elderly patients and may be more pronounced in older persons with cognitive impairment compared with those who are cognitively intact. [2] [3] [4] [5] Motor changes may precede the onset of MCI by years. 4, 6 In addition, slower gait speed in those who are cognitively intact at baseline may be predictive of the subsequent onset of cognitive impairment. [6] [7] [8] Motor changes with aging initially appear with the slowing of fine motor movements and mild parkinsonian signs. 9, 10 The causes are unclear but may include pathologic changes caused by neurologic illnesses, such as stroke or Parkinson disease, or by nonneurologic illnesses. 11 These changes are not benign and may predict disability, institutionalization, and mortality in community-residing elderly people. [11] [12] [13] Several studies have shown that motor slowing precedes and may predict the onset of cognitive impairment 4, [6] [7] [8] ; however, the time at which this slowing begins in relation to the onset of cognitive impairment is not clear. We used data from a longitudinal aging study to test the hypothesis that persons who develop MCI have a greater rate of decline in motor function, as measured by gait and fingertapping speed, than those who remain cognitively intact. We also used a change point statistical model to determine the approximate time at which this change in the rate of decline occurs in relation to the onset of MCI.
METHODS

PARTICIPANTS
Subjects were participants in the Oregon Brain Aging Study, a longitudinal study of healthy elderly people that began in 1989 at the National Institute on Aging's Layton Aging and Alzheimer's Disease Center at Oregon Health & Science University. Study procedures have been previously described.
14 Inclusion criteria required that participants be community dwelling, functionally independent, and free of comorbid illnesses; have a baseline Mini-Mental State Examination score of 24 or higher 15 ; have a Clinical Dementia Rating (CDR) Scale score of 0 16 ; and exhibit no depression by screening with the Geriatric Depression Scale. 17 Participants underwent annual medical histories, neurologic examinations, and neuropsychological testing. Assessments were performed until death. Between March 7, 1989 , and May 27, 2005, 289 subjects were evaluated and 216 met inclusion criteria and were enrolled. Of those, 204 subjects were older than 65 years and were included in this analysis. Attrition rates caused by loss to follow-up other than death were less than 1% per year. The study and consent forms were approved by the Oregon Health & Science University Institutional Review Board; all subjects signed written informed consent.
CLINICAL ASSESSMENTS
Annual evaluations were performed by trained neurologists and geriatric nurse practitioners and included a medical history, mental status examination, and standardized neurologic examination. Neurologic examination results were quantified and coded. Interrater reliability has been previously reported.
14 The MiniMental State Examination and the Cognistat 18 were performed as brief cognitive evaluations. Health assessments consisted of review of medical histories, medication lists, and scores on the modified Cumulative Illness Rating Scale. 19 Height and weight were assessed annually. Blood specimens were obtained for determination of APOE ε4 genotype by DNA extraction and analysis using standard methods. 20 Gait speed was assessed by asking participants to walk from a starting point to a marker 15 ft away, turn, and walk back at a normal casual gait for a total of 30 ft (9.14 m). Time (in seconds) was recorded with a stopwatch to the nearest second for 2 trials, and the mean was recorded. Finger tapping was measured by having the participants push a lever with an attached counter using the index finger of each hand for a 10-second period. Three trials were performed with each hand, and the mean value was recorded.
Health conditions or states with the potential to affect mobility were obtained from medical histories and examination results. These included heart disease, chronic pulmonary conditions, stroke, Parkinson disease, cancer, diabetes mellitus, major surgical procedures, musculoskeletal or head injuries, and depression. Presence of depression was based on a score higher than 11 on the Geriatric Depression Scale long form 17 before November 4, 2005, and a score higher than 4 on the Geriatric Depression Scale short form 21 after that time. These were coded as dichotomous variables, either present or absent. Body mass index was calculated from height and weight recorded at annual visits.
Cognitive impairment was considered present with a CDR score of 0.5 or higher. The CDR scores were determined by interviews with participants and collateral informants who provided information on cognitive and functional status. The Cognistat (but not the psychometric battery test) scores were included in the determination of the CDR score. The onset of MCI was defined by the first of 2 consecutive semiannual CDR scores of 0.5 or higher to minimize the possible inclusion of subjects with transient or reversible cognitive impairment. The term conversion is used to describe the development of incident MCI during the follow-up period.
ANALYSIS
Characteristics at baseline and presence of health conditions were compared between participants who developed MCI (converters) and those who did not (nonconverters) using the t test and Wilcoxon rank sum test for continuous variables and Pearson 2 test for categorical variables. Longitudinal mixedeffects models estimated the patterns of change across time in gait and tapping speeds. First, an interaction term between age and clinical diagnosis was used to test whether the aging pattern for MCI converters differed from nonconverters during follow-up. Analyses were adjusted for baseline speed (gait or tapping), years of education, sex (when combining both sexes), and APOE ε4 genotype. Analyses were also adjusted for the presence of depression and stroke during the entire follow-up in nonconverters and before conversion in MCI converters.
A second analysis investigated whether the annual rate of decline in gait or tapping speed changed at some point relative to clinical diagnosis using a longitudinal mixed-effects model with a change point. [22] [23] [24] The inclusion of a change point in the mixed-effects model allowed the rates of change to differ before and after the change point. The change point in the coefficients is relative to the time of diagnosis of MCI, as opposed to age. The model assumes that the timing of the change point relative to the MCI diagnosis is common across all subjects. Normality of distribution of outcomes was confirmed by examining normal probability plots. As described previously, analyses were adjusted for age, years of education, sex, APOE ε4 genotype, baseline speed, stroke, and depression. The analyses were run for men and women separately and combined because of differences in baseline gait and tapping speeds (ie, men walked or tapped faster than women).
Change point models can be sensitive to a few influential observations. In the gait speed data, 6 outliers among women and 2 outliers among men, indicated by DFFITS statistics greater than 0.2, 25 were excluded in the first mixed-effects models and change point models. Exclusion of these observations did not change the main results for gait speed but improved overall model fit. Therefore, we report the results of change point analysis excluding these influential observations. For tapping speed, DFFITS tests identified no outlying influential cases.
The location of the change point relative to the MCI diagnosis was estimated by maximum likelihood using the SAS procedure NLMIXED (SAS Institute, Cary, North Carolina). Separate mixed-effects models were fit with the change point at fixed 1-month intervals up to 15 years before and after diagnosis. The model with the highest likelihood was used to summarize the results. We tested whether there was a significant change in the rate of change in outcomes relative to the MCI diagnosis by calculating a 95% confidence interval around the measure on the change point term using a likelihood ratio approach. The significance of the other terms in the mixed-effects model was determined using a Wald test statistic. 26 Standard errors for the measure estimates were calculated using the conditional variance, as proposed previously. 22 Significance was set at P=.05.
RESULTS
PARTICIPANT CHARACTERISTICS
Participant characteristics are summarized in up, 95 (46.6%) converted to MCI. The MCI converters were a mean of 4.5 years older (PϽ.001), scored 0.2 points lower on the Mini-Mental State Examination at baseline (P=.03), had a longer mean follow-up time (P=.001), and were more likely to have the APOE ε4 genotype (P=.001) than nonconverters (Table 1 ). There was a significant difference in baseline gait speed between the 2 groups for women only. Among all health factors assessed (see the "Clinical Assessments" subsection in the "Methods" section), only stroke was significantly more frequent in the MCI group before the onset of cognitive impairment (P = .001) and was thus taken into account in subsequent models. Although depression was not significantly more frequent in the MCI group, it was included in the analyses because of its reported association with motor slowing. 
GAIT SPEED
There was a significant decline in gait speed across time in the mixed-effects model of 0.013 m/s/y (PϽ .001) for all participants, demonstrating the effect of age on gait speed. The MCI converters had a further decline of 0.01 m/s/y compared with nonconverters (PϽ .001).
In the change point model, profile likelihood values showed a clear peak 12.1 years (145 months) before the MCI diagnosis. On average, the MCI converters' rate of decrease in gait speed accelerated by 0.02 m/s/y (PϽ.001) approximately 12 years before diagnosis. The upper limit of the confidence interval could not be observed in our current data because the maximum follow-up duration observed before the MCI conversion was 16.3 years, too short to observe the upper limit in the change point (ie, left censoring).
When the model was run separately for men and women ( Table 2) , we found that for men, the MCI converters' rate of decrease in gait speed accelerated by 0.023 m/s/y (PϽ .001) at 14.2 years (95% confidence interval, 8.7 years to unknown) before the MCI diagnosis. For women, the MCI converters' rate of decrease in gait speed accelerated by 0.025 m/s/y (P Ͻ.001) at 6.0 years (95% confidence interval, 4.6 to 9.5 years) before the MCI diagnosis. Figure 1 shows an example of gait speed trajectory relative to the time of MCI conversion if the participant converted to MCI at age 89.9 years, the mean age of conversion among this cohort.
Although the change point analysis is modeled relative to MCI diagnosis, we wanted to further test whether the change point was also present in nonconverters as a result of a specific age. Therefore, we examined the change point among nonconverters relative to the age of 89.9 years, the mean age of conversion in MCI converters. No change point for nonconverters was found.
FINGER TAPPING
There was a significant decline in finger-tapping speed across time in the mixed-effects model of 0.02 taps per second per year (PϽ.001) and 0.01 taps per second per year (P=.002) for the dominant and nondominant hands, respectively, for all participants. This shows the effect of age on tapping speed. The MCI converters had a further decline of 0.02 taps per second per year (P=.003) for the dominant hand and 0.03 taps per second per year (PϽ.001) for the nondominant hand compared with nonconverters.
Change point analysis of tapping speed showed that change points occurred after MCI onset (indicated by nega- 
COMMENT
Our results show a difference in rates of change in gait and finger-tapping speed with aging between MCI converters and nonconverters. Furthermore, a change point was identified in which acceleration of the decline in gait speed occurred approximately 12 years before MCI onset in a combined analysis for men and women. Change points occurred approximately 14 years before MCI onset in men and approximately 6 years before onset in women. Although change points were found with tapping, this occurred after the onset of cognitive impairment in most analyses (the association of this change with the onset of later dementia was not assessed in our current analysis). This suggests that change in the rate of decline in gait speed may be a sensitive marker of cognitive changes distinct from the general motor slowing demonstrated by tapping speed.
Men and women were found to have different change points. There was no significant difference in follow-up time or time to MCI conversion to account for these differences. One possible explanation is that there is a difference in baseline gait speed in women between converters and nonconverters, suggesting that the change point may have occurred in women before the start of this study. We might have found an earlier change point for women if we had a larger sample with a longer duration of follow-up. Another possibility is that the different change points may be attributed to underlying sexspecific physiological differences.
Several studies have examined baseline gait speed and other motor signs as predictors of the future development of cognitive impairment 6, 7, 28 or dementia 8, 29 using survival analysis or linear regression analysis. To our knowledge, no other studies have prospectively examined the rates of change in gait speed or other motor signs and their relationship to incident MCI. We used up to 20 years of data to determine rates of motor changes and to identify the earliest time at which these changes occurred in relation to clinical findings of cognitive impairment.
The sensitivity of gait changes to early cognitive changes may be best understood if gait is viewed as a complex cognitive task. [30] [31] [32] Gait requires an interplay of attention, executive function, and visuospatial function, as well as the motor processing functions of the motor cortex, basal ganglia, and cerebellum. Therefore, the same mechanisms that underlie decline in cognitive functioning may be associated with decline in gait. Gait speed change may be a bellwether of the efficiency of the central integration of multiple cognitive domains needed for this complex task. Decline in gait speed may also be viewed as part of a larger construct of physical frailty in elderly people. Physical frailty is common in this group; it is measured by gait speed, strength, body composition, and fatigue and is associated with incident dementia and pathologic characteristics of Alzheimer disease. 33 The underlying pathophysiologic mechanism behind motor decline is not clear. Motor slowing and parkinsonism were shown to be related to periventricular white matter changes. [34] [35] [36] There may also be a relationship between gait dysfunction and the presence of neurofibrillary tangles in the substantia nigra 37 and markers of Alzheimer disease in the frontal lobes and basal ganglia. 38, 39 Our study has several limitations. First, the change point model requires large sample sizes and long-term follow-up and may be difficult to generalize to individuals owing to interindividual variability. This model does not allow for time-varying covariates, which limits the ability to assess the contributions of health conditions that develop during follow-up. Second, we were unable to determine the upper confidence limits of the change point in gait speed for men and in the combined analysis because of left censoring. This may be a result of the need for a larger sample size or longer follow-up. In addition, the change point is calculated relative to the age at MCI onset, and the use of alternate criteria to define the age at onset could move the change point either earlier or later than the values reported in this article.
Despite these limitations, there are several strengths to our study. We used longitudinal data with up to 20 years of follow-up for some participants. Standardized, validated testing measures were used in the evaluations. Our participants were generally healthy with no major comorbid illnesses at baseline and a low rate of intercur- rent illnesses, which were accounted for in subsequent analyses.
Our study complements findings from other studies of this cohort showing accelerated cognitive decline on neuropsychological tests 3 to 4 years before MCI and accelerated expansion of ventricular volumes 2 years before the onset of MCI. 23, 24 Future studies may compare these different methods for assessing disease progression to determine which is the more sensitive measure predicting the onset of cognitive impairment. The use of annual data may be supplemented by the use of more continuous, homebased gait monitoring. This allows for a more frequent and ecologically representative assessment of gait speeds, which suggests differences in the variance of daily acquired gait speeds between participants with MCI and healthy control participants. 40 These findings have important implications for identifying cognitive impairment at the earliest preclinical stages, when initiation of diseasemodifying therapies may be most beneficial. Author Contributions: Drs Buracchio, Dodge, and Kaye had full access to all the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis. 
